Despite its importance for mammalian cell biology and human health, there are many basic aspects of cholesterol homeostasis that are not well understood. Even for the well-characterized delivery of cholesterol to cells via lipoproteins, a novel regulatory mechanism has been discovered recently, involving a serum protein called PCSK9, which profoundly affects lipoproteins and their receptors. Cells can export cholesterol by processes that require the activity of ABC transporters, but the molecular mechanisms for cholesterol transport remain unclear. Cholesterol levels in different organelles vary by 5-10 fold, and the mechanisms for maintaining these differences are now partially understood. Several proteins have been proposed to play a role in the inter-organelle movement of cholesterol, but many aspects of the mechanisms for regulating intracellular transport and distribution of cholesterol remain to be worked out. The endoplasmic reticulum is the main organelle responsible for regulation of cholesterol synthesis, and careful measurements have shown that the proteins responsible for sterol sensing respond over a very narrow range of cholesterol concentrations to provide very precise, switch-like control over cholesterol synthesis.
Introduction
Cholesterol plays a unique role among the many lipids in mammalian cells. This is based in part on its biophysical properties, which allow it to be inserted into or extracted from membranes relatively easily. Additionally, it plays a special role in organizing the biophysical properties of other lipids in a bilayer. Because of its importance, cells have evolved complex mechanisms to tightly regulate the abundance and distribution of sterols within cells. In this brief review, we discuss new findings that are providing new insights into how the uptake and distribution of cholesterol are regulated and also how cholesterol moves among the organelles in a eukaryotic cell. We also point out significant gaps in our knowledge that will require further research. Some of the important cellular processes are illustrated in Figure 1 .
Cholesterol provides membranes with special physical properties
It has been long known that cholesterol condenses and rigidifies lipid bilayers containing phospholipids with unsaturated fatty acyl chains. In contrast, it fluidizes bilayers of disaturated phospholipids and sphingolipids, which in its absence would be in a solid gel phase. In the past several years, studies of three component lipid mixtures containing cholesterol have shown that cholesterol can profoundly affect the phase separation behavior of lipids. In particular, cholesterol can promote the formation of nanoscopic phase separations in mixtures of unsaturated phospholipids with saturated phospholipids and/or sphingolipids, which would otherwise consist of one fluid phase or a well separated macroscopic fluid and a gel phase [1] [2] [3] . These small lipid domains in model membranes resemble the microdomains that can form in biological membranes, which are compositionally much more complex.
When eukaryotic cells obtained their internal membranes, they started to synthesize sterols [4] and sphingolipids [5] . This may have facilitated segregation of lipids into domains of different composition, which forms the basis for maintaining the 5-10-fold enrichment of sphingolipids and sterols in the plasma membrane as compared to the ER [6] . Evidence for preferential inclusion of sterols and sphingolipids into anterograde transport vesicles derived from the trans-Golgi network has been reported recently [7] as had their relative depletion from retrograde vesicles [8] .
Lipid sorting in membrane trafficking processes
The role of other membrane components in determining the distribution of cholesterol among membranes raises the issue of how differences in these other membrane constituents are maintained. For proteins, the mechanisms of sorting based on molecular recognition are beginning to be understood in considerable detail. The same is not true for lipids. Maintenance of the distinct lipid compositions of organelles that are actively involved in membrane traffic suggests that there must be mechanisms for sorting lipids as transport vesicles and tubules are formed. This was proposed many years ago for the maintenance of the distinct lipid compositions of the apical and basolateral membranes of polarized epithelia [9] . Similarly, the membrane constituents of GPI-anchored proteins confer the ability to be sorted selectively in the biosynthetic and endocytic pathways [10] . In the endocytic pathway there is efficient sorting of fluorescent lipid analogs based on differences (length and saturation) in their hydrocarbon chains [11] .
Three general mechanisms could account for sorting of lipids during vesicle budding. One possibility is that it is mediated mainly by binding of selected lipids to proteins in the forming vesicle buds. A second possibility is that curvature preferences help to select certain lipids for inclusion in the buds. A third possibility is that membrane microdomains form on the basis of order preferences, and these microdomains can be selected for inclusion or exclusion in forming buds. These mechanisms are not mutually exclusive, and some combination of these may be required.
In a study of narrow tubules pulled out from giant unilamellar vesicles, demixing of lipids was observed [12] . Two recent biophysical studies independently concluded that the free energy differences associated with curvature preferences could not account by themselves for efficient lipid sorting into highly curved membranes (e.g., tubules) [13, 14] . These studies were based on low concentrations of the lipids exhibiting the curvature preference, and this indicated that lipid-lipid cooperativity must be invoked for lipid sorting based on curvature. A third biophysical study examined the effect of lipid composition on sorting into coexisting regions of different curvature [15] . Lipid sorting into regions of different curvature was found in lipid compositions that were close to a demixing point, suggesting lipid cooperativity may be required. In that study it was also observed that binding of small amounts of cholera toxin to GM1 could facilitate the curvature based sorting. It had been observed previously that binding of small amounts of cholera toxin to vesicles that were close to a demixing point could drive the formation of optically observable phase separations [16] .
Several cytoplasmic proteins associated with vesicle or tubule formation have an inherent curvature on the side that would bind lipids. These include the BAR domain proteins, which have clusters of positively charged side chains that can associate with negatively charged phospholipids [17] . These are often flanked by more specific lipid binding domains such as PH or PX domains, which recognize lipids such as phosphoinositides that are present in specific organelles. It is unclear to what extent the curvature that is induced or stabilized by binding BAR domain proteins can lead to selective inclusion of lipids. From the model membrane studies, it seems possible that the curvature could promote lipid sorting if the donor membrane were close to a phase separation point.
A different type of role for protein-lipid interactions in lipid sorting has been proposed for the MAL protein, a small hydrophobic protein with four putative transmembrane helices. MAL is one of the proteins found in detergent-resistant low density membrane fractions. It sorts to the apical domains of polarized epithelial cells, and plays an undefined role in the transport of GPI-anchored proteins and some other molecules to the apical domain. A recent study [18] shows that clustering of MAL leads to co-clustering with lipids that have long, saturated chains and exclusion of lipid analogs with short or unsaturated acyl chains. The basis for this is proposed to be the degree of matching between the relatively long, hydrophobic transmembrane domains of MAL and the greater bilayer thickness of more highly ordered membranes. Consistent with this, a MAL homolog with shorter transmembrane helices does not induce similar lipid sorting. Evidence is presented that the MAL protein can self-associate, and this may promote cooperative formation of more ordered domains within the Golgi apparatus for transport to the apical plasma membrane.
Cholesterol, the dynamic lipid
As compared to other membrane lipids, cholesterol moves rapidly as a monomer across membranes (milliseconds-seconds). It can also move between membrane organelles on protein carriers (minutes). This does not imply, however, that cholesterol is distributed homogeneously among the cellular membranes. Cells maintain the sterol content of various membranes at very different levels even though there is a large amount of vesicular and nonvesicular transport among organelles. It is enriched in the late secretory pathway, the plasma membrane and some endocytotic membranes. As discussed in detail elsewhere [19, 20] , differences in the other components of the membranes (mainly the lipids) would significantly alter the chemical stabilization of cholesterol in the membranes, which would lead to different cholesterol contents even if cholesterol were equilibrated between the organelles. In model membranes it has been found that saturated or monounsaturated (sphingo)lipids have preferential interactions with cholesterol [21] . Unexpectedly, fluorescent sterols such as dehydroergosterol were found to be enriched in the cytosolic leaflet of some cellular membranes [22] , whereas the sphingolipids are enriched in the exoplasmic leaflet. While the lipids in the plasma membrane, including those enriched in the cytoplasmic leaflet, have a somewhat higher degree of saturation than lipids in the total cell [23, 24] , this would not explain the higher level of sterols in the cytoplasmic leaflet. The basis for the preferential cytoplasmic localization of these fluorescent sterols remains to be determined, and it remains to be shown that cholesterol itself has the same transbilayer distribution. A cytoplasmic leaflet enrichment of sterols would facilitate exchange with cytoplasmic carrier proteins for non-vesicular transport between organelles.
Transport of cholesterol into and out of cells
Because cholesterol homeostasis is of extreme importance at the whole body level, cells have various dedicated pathways for the uptake of cholesterol from low density lipoproteins (LDL) and export to high density lipoprotein (HDL).
In most mammalian cells cholesterol can be synthesized endogenously, and it can also be delivered by lipoprotein carriers. The binding of LDL to its receptor and the uptake by receptor-mediated endocytosis have been summarized in a recent review by Brown and Goldstein, the discoverers of this pathway [25] . Although this system is very well characterized, a major new regulator of LDL-receptors, PCSK9 (proprotein convertase subtilisin/kexin type 9), has been identified from human genetic screens over the past few years [26, 27] . PCSK9 is a protease that undergoes autocatalytic processing in the secretory pathway. The mature form is found in plasma, and it binds to the LDL-receptor's EGF AB domains leading to lysosomal degradation of the LDL-receptor [28] [29] [30] . The loss of LDL receptors, particularly in hepatocytes, is associated with elevated circulating LDL levels. The physiological importance of this regulatory mechanism is highlighted by the identification of an adult woman with a compound heterozygous loss of PCSK9 function [31] . This person had no detectable circulating PCSK9 and LDL levels that were about 10% of typical values, with no reported problems associated with such low levels. In contrast, individuals with gain-of -function mutations in PCSK9 exhibit elevated circulating LDL.
The mechanism by which PCSK9 redirects the receptor from its normal recycling route to the late endosomes and lysosomes is not fully characterized. The catalytic activity of PCSK9 is required for autocatalytic processing but not for down regulation of LDL-receptors [32, 33] . Studies of natural mutations in PCSK9 that increase the efficiency of LDL-receptor degradation may provide clues about its mechanism. PCSK9 that is secreted by cultured cells has a tendency to aggregate either with itself or with other proteins, and at least one of the gain-of-function mutations causes an increase in self-association [34] . The binding of PCSK9 to LDL-receptors and its self-association are both enhanced at the low pH that is encountered in endosomes [30, 34] . For many recycling receptors, occupancy by multi-valent ligands causes retention in the cell or delivery to late endosomes [35] , so it is likely that oligomerization of PCSK9 that is bound to LDL-receptors would be sufficient to block efficient recycling. Whatever the mechanism, PCSK9 regulation of LDL-receptors is now a major target of therapeutic strategies for reducing circulating LDL.
Macrophages, which convert to foam cells in atherosclerotic lesions, have been shown to have a novel mechanism for the uptake of cholesterol derived from extracellular lipoprotein deposits. In the wall of blood vessels, macrophages encounter aggregates of lipoproteins that are tightly linked to the extracellular matrix, chemically modified (e.g., oxidation), and acted upon by lipases including lipoprotein lipase and sphingomyelinase [36] . In a cell culture model of macrophages interacting with aggregated lipoproteins, it was found that the macrophages create an acidified extracellular compartment (a lysosomal synapse) into which lysosomal contents are secreted [37, 38] . This leads to extracellular hydrolysis of the cholesterol esters in the core of the lipoproteins by lysosomal acid lipase. The released cholesterol is transferred to the macrophage. This process may play an important role in the early stages of formation of atherosclerotic plaques.
Intestinal cells take up cholesterol from the gut in monomeric form. NPC1L1 is the essential and limiting protein in intestinal cholesterol absorption [39] . NPC1L1 is expressed mainly in the apical membranes of enterocytes and hepatocytes. Cholesterol can also be taken up from the blood as cholesterol or cholesteryl ester monomers from lipoproteins or as part of lipoproteins via scavenger receptors like SR-A, SR-BI and CD36 [40] , which are now known to fulfill broader (signaling) functions in lipid physiology. On the other hand, sterols are secreted from cells by a variety of dedicated mechanisms. Whereas intestinal and liver cells assemble and secrete lipoproteins, these cells prevent inclusion of especially plant sterols by selectively extruding them via the apical ABC transporter, ABCG5/8 heterodimers [41] . Other cells utilize ABCA1 and ABCG1 for releasing cholesterol onto apoA1 and the apoA1 containing HDL [42] . The molecular mechanism and the relative importance of each of these processes remain to be elucidated [43] .
Transport through and out of lysosomes
Many aspects of the intracellular transport of cholesterol are still poorly understood. As with LDL uptake, studies of inherited human disorders have provided important clues about these processes. Niemann-Pick disease type C (NPC) is a recessive inherited lysosomal storage disease in which cholesterol and other lipids accumulate in lysosome-like storage organelles (LSOs) [44] . Defects in two genes, NPC1 and NPC2, are responsible for NPC disease. NPC2 is a small, soluble cholesterol binding protein that is targeted to lysosomes by a mannose 6-phosphate post-translational modification. NPC2 can exchange sterol with lipid bilayers, especially if they contain acidic phospholipids such as bis(monoacylglycero)phosphate (BMP), which is abundant in lysosomal membranes [45] . The role of NPC1, which is a polytopic membrane protein that is found primarily in late endosomes, remains less clear. The N-terminal domain of NPC1, which projects into the lumen, contains a cholesterol-binding domain [46, 47] . Exchange of sterols on and off the NPC1 N-terminal domain was very slow, but it was accelerated significantly by interaction with NPC2 [48] . Recent structural studies showed that the sterol is bound to NPC1 with the hydroxyl group pointing inward, in contrast to NPC2, which has the hydroxyl pointing outward, toward the opening of the binding pocket [49, 50] . This provides a potential path for the sterol to slide easily from one binding pocket to the other without significant exposure to the aqueous environment. This finding led to a proposal that cholesterol that is produced by hydrolysis of cholesterol esters associated with lipoproteins may first associate with NPC2 and then be transferred to the N-terminal domain of NPC1, which would then insert the sterol into the limiting membrane of the lysosome [49] , analogous to the uptake of long-chain fatty acids into and across the E. coli outer membrane [51] .
NPC1 also contains a canonical sterol sensing domain in its transmembrane segments [52] , which may have regulatory function based on the presence of similar sequences in the SCAP and Insig proteins [53] . However, at present the function of the sterol sensing domains remains unclear.
Recent studies have shown that the cholesterol-chelating β-cyclodextrins can bypass the need for either NPC1 or NPC2. NPC1-deficient mice that are injected repeatedly with hydroxypropyl-β-cyclodextrin have a remarkable extension in their lifespan, delay in the onset of pathology in various tissues, and reduction in accumulation of cholesterol and glycosphingolipids [54, 55] . Studies in cultured cells defective in NPC1 or NPC2 have shown that after cyclodextrin treatment, cholesterol is removed from the LSOs and distributed to organelles such as the ER, where it can be re-esterified [56] . The effective cyclodextrin is delivered to the LSOs by endocytic uptake, and it remains effective for several days after removal of cyclodextrin from the culture medium [57] . The effectiveness of cyclodextrin in the absence of functional NPC1 suggests that the essential role of NPC1 and NPC2 may be just to get cholesterol into the limiting membrane of late endosomes and lysosomes.
Soluble sterol binding proteins as sterol carriers and sensors
In addition to being carried by inter-organelle membrane transport as part of the bilayer, lipids including cholesterol are transported between organelles by lipid transport proteins.
There is good evidence that sterols move rapidly between organelles by non-vesicular transport, which requires association with a carrier because of the low solubility of cholesterol in water [58] . Several candidate carrier proteins have been shown to bind cholesterol and/or to facilitate transport between membranes in vitro. These include some of the proteins containing lipid-binding START domains. The founding member of this family, StARD1, has been shown to transport cholesterol from the mitochondrial outer membrane to the inner membrane in vivo, where the sterol is converted to steroid hormones [59] . Other family members, including MLN64 [60] and StARD4 [61] have also been shown to bind cholesterol. Other START family members bind and transport other lipids, including ceramide, which is transported by CERT [62] . Overexpression of StARD4 leads to an increase in esterification of cholesterol [61] , which might be attributed to increased transport to the ER, the site of the esterifying enzyme, ACAT. However, except for StARD1, direct evidence for in vivo lipid transport by START family members is still lacking.
Another family of sterol binding proteins are related to oxysterol binding protein (OSBP), which was identified based on its binding of 25-hydroxycholesterol [63] . The family of OSBP related proteins binds sterols through their OSBP homology (Osh) domains [64] . In vitro, several of the yeast Osh proteins can transport sterols between membranes [65] . One issue in considering whether sterol transport is a major function of Osh proteins has been the relative abundance of these proteins compared to estimates of sterol transport rates in cells (reviewed by Mesmin & Maxfield [19] ). It has been noted, however, that many Osh proteins have membrane-binding domains, and transport between closely apposed membranes should be more rapid than diffusion between well separated organelles.
A recent paper [65] has proposed that yeast Osh proteins can simultaneously associate with two membranes, and this might provide a mechanism for rapid sterol exchange between membranes. However, other studies have suggested that membrane binding by Osh proteins is related to lipid sensing and regulation. For example, in mammalian cells OSBP can act as a sterol sensor that regulates activity of phosphoprotein phosphatases in the ERK signaling pathway [66] and also regulates CERT-dependent synthesis of sphingomyelin [67] . Another family member, OSBP-related protein 2, binds to lipid droplets, but is released upon sterol binding. Reduction in the level of OSBP-related protein 2 led to slowed triacylglyceride hydrolysis and an increase in cholesteryl ester formation [68] , indicating that this protein may regulate lipid metabolism in a sterol-dependent manner. OSBP-related protein 9 is a cholesterol-binding protein that interacts with the trans-Golgi/trans-Golgi network and ER, and is necessary to maintain Golgi structure and ER-Golgi protein trafficking [69] . A truncated version of the protein missing a PH domain inhibits both ER-Golgi protein transport and cell growth. As yet another example, cholesterol in late endosomes can be sensed by OSBP-related protein 1L in a process that regulates interaction with microtubuleassociated motors and influences the positioning of late endosomes in the cell. This may be related to the clustering of late endosomes near the center of the cell in Niemann-Pick type C disease and other lysosomal storage diseases [70] .
Studies that demonstrate a cholesterol/lipid sensing role for Osh proteins raise an interesting conundrum: are the Osh proteins primarily cholesterol and lipid sensors with a minor role in sterol transport? Or are they multi-function proteins that play an important role in sterol transport in addition to their regulatory activities? Further work will be required to resolve this issue.
Cellular cholesterol homeostasis
Cells maintain the sterol content of various membranes at very different levels, even though there is extensive vesicular and non-vesicular transport among organelles. As discussed in detail elsewhere [6, 19] , even if cholesterol were equilibrated between the organelles, differences in the other components of the membranes (i.e., lipids and proteins) would significantly alter the chemical stabilization of cholesterol, which would lead to differences in cholesterol content.
The ER is the site of much of the regulation of cholesterol levels. It contains ACAT, the enzyme responsible for esterifying excess cholesterol for storage in lipid droplets. It is also the site of cholesterol synthesis, including the key regulated step catalyzed by HMG-CoAreductase. The Insig-SCAP-SREBP complexes are one of the most important sensors of sterol levels. At high cholesterol levels the complex is retained in the ER, but at lower levels the SCAP-SREBP enters transport vesicles. In the Golgi, SREBP undergoes two steps of proteolysis, releasing a soluble transcription factor that regulates many genes associated with cholesterol and lipid metabolism. This leads to increased synthesis of cholesterol and increased levels of LDL receptors. In a recent study, it was found that there is a sharp, cooperative response to cholesterol levels in the ER, with a mid-point for cholesterol content around 5% of total ER lipids [71] . This switch-like response can help to keep cellular cholesterol in a narrow range. It is unclear at present whether the sharp transition is due to cooperative protein-protein interactions between SCAP molecules, or if it is instead due to an abrupt change in the chemical activity coefficient of cholesterol in the ER membrane when it crosses a threshold value [71] . The level of expression of Insig-1 protein can influence the cholesterol-dependent transition point, and reduction of cholesterol levels leads to proteasomal degradation of Insig-1 [72] , which would sensitize cells to cholesterol depletion.
Conclusion
Its high spontaneous mobility and its dramatic effects on the phase behavior of biological lipid mixtures, make cholesterol particularly suited as a modulator of the dynamic lipid organization in cells. The presence of so many dedicated cholesterol binding, transporting and sensing proteins shows that cells use cholesterol as a central lipid for regulating the cellular lipid homeostasis. An important challenge for the next years is to elucidate how the cholesterol-centered regulatory mechanisms are integrated into the overall control of cellular physiology.
Figure 1. Cholesterol homeostasis in mammalian cells
(A) Insertion of cholesterol from detergent micelles in the intestinal lumen into the apical membrane of enterocytes requires NPC1L1. The N-terminal extracellular loop of NPC1L1 may lift cholesterol across the glycocalyx as has been proposed for NPC1: (B) Soluble NPC2 extracts cholesterol from endocytosed LDL and hands it over to the cholesterolbinding lumenal loop 1 of NPC1. NPC1 may chaperone the hydrophobic cholesterol across the glycocalyx into the limiting membrane, which is followed by spontaneous transmembrane translocation and egress. (C) When the cholesterol concentration of the ER gets below 5 mol%, this results in release of the SCAP-SREBP complex from Insig into COPII vesicles and transport to the Golgi, where the subsequent action of the two endoproteases S1P and S2P releases the SREBP transcription factor that binds to sterolresponsive elements in the DNA and regulates transcription. (D) Extrusion of cholesterol by the ABC transporter ABCA1 from the cytoplasmic leaflet, across the plasma membrane onto lipid-poor apolipoprotein A1 releases cholesterol from peripheral tissues.
